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We introduce a new approach, using the International Reference Ionosphere 2007 (IRI-2007) model and observations from the 
Moscow ionosonde station, to analyze the long-term trends of ionospheric foF2. Possible origins, whether natural or manmade, 
are discussed. A small but significant residual foF2 trend is found, with −0.76 MHz over the past 50 years, but −0.2 MHz after 
eliminating the most variations caused by solar and geomagnetic activities and the variational earth’s magnetic field. We find that 
this slope depends on local time and seasons. There is a pronounced diurnal negative variation in k (annual mean slope of diurnal 
variations), with much larger absolute values in the morning than during afternoon or evening; the largest k is about −0.0018 per 
year in spring, and the smallest trend of about −0.0012 per year occurs in winter. Finally, the evidence of crucial influences of 
geomagnetic activity and the earth’s magnetic field on the observed trends, as emphasized by the IRI-2007 empirical model, is 
confirmed, and the effect of CO2 contributions to the trend is also discussed, by cooling the thermospheric temperature or recom-
bining the electron density. 
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Roble and Dickinson [1] studied the atmospheric concentra-
tion of greenhouse gases, which has induced global surface 
air temperature increases, predominantly during recent 
decades. Long-term (longer than one solar cycle) changes in 
the ionosphere have also been widely addressed in recent 
years, using long time-series ionospheric observations [2–5]. 
Most analyses of the long-term trends are the F2 region pa-
rameters, because the F2-layer observations are most abun-
dant, and the most important parameter is ionospheric foF2, 
which has more than 50 years interval. 
Danilov and Mikhailov [2] proposed an approach to re-
veal the foF2 trends. They obtained negative trends for all 
22 ionospheric stations they studied, and a pronounced de-
pendence of trend magnitude on the geomagnetic latitude. 
Using this approach, the same researchers [3] analyzed data 
from northern hemisphere stations, obtaining a consistent 
picture of the foF2 trend. This trend varied systematically 
with local time, season and geomagnetic latitude, and 
Danilov and Mikhailov suggested that this could be associ-
ated with the ionospheric (or geomagnetic) storms. Allon 
and Martin [4] used neural networks to isolate the long-term 
trends from seasonal variations, local time, solar and mag-
netic activities. They applied their method to foF2 data from 
Grahamstown station, getting a negative change for most 
hours and days. Yue et al. [5] also used a neural network 
method to derive long-term foF2 trends at 19 ionospheric 
ionosonde stations in the Asia/Pacific sector. They found 
different changes at these stations, with no pronounced di-
urnal and latitudinal effects in trends, and no uniform pat-
tern of seasonal variation at most stations. Yue et al. stated 
that many factors, including the greenhouse effect, solar and 
geomagnetic activities, and neutral background gas, would 
influence the trends of ionospheric variation. Upadhyay and 
Mahajan [6] analyzed a global set of ionosonde stations, 
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finding F2-layer parameters trends that were different in 
both sign and magnitude at different stations. 
There are different trend results in these literatures, and 
these may be attributable to the different data resources and 
related data quality, different methods of correcting for the 
solar or geomagnetic changes, different analysis periods, or 
other factors. 
In this paper, we use IRI-2007 empirical model to derive 
long-term foF2 trends at the Moscow ionosonde station 
(55.3°N, 37.3°E), and discuss possible origins of the results. 
We examine the relationships with the long-term trend and 
local time or season, and address the problem by analyzing 
data and figures. The paper is structured as follows. First, 
the data and method are presented; second, variations in the 
long-term slope trend are shown; last, possible mechanisms 
are discussed, especially geomagnetic activities and reversal 
or excursion of the earth’s magnetic field. 
1  Data and method 
We obtained ionospheric foF2 data observed at Moscow 
ionosonde station, with a data interval from 1958 to 2007, 
covering almost five solar cycles. We use solar 10.7 cm 
radio flux (F10.7) as the solar activity index. The foF2 and 
F10.7 indexes were downloaded from the Space Physics 
Interactive Data Resource (http://spidr.ngdc.noaa.gov/ 
spidr/). The IRI-2007 (http://IRI.gsfc.nasa.gov) model de-
veloped by Bilitza [7] is used to remove solar and geomag-
netic activities. This empirical model can capture the main 
tendency of the ionosphere changed by the solar activity. 
The Storm-time ionospheric correction model (STORM) [8] 
included in the IRI-2007 empirical model is an empirical 
correction, designed to capture changes in F region electron 
density during geomagnetic storms. Its output is used to 
scale the quiet time foF2, to account for the decreasing 
electron density during a geomagnetic storm. The IRI-2007 
model input parameters can be chosen by geographic or 
geomagnetic coordinates, with the STORM turned on or off. 
Thus, we can identify four cases for discussing the long- 
term trends in foF2: Case 1, geomagnetic coordinate, 
STORM turned off; Case 2, geomagnetic coordinate, 
STORM turned on; Case 3, geographic coordinate, STORM 
turned off; Case 4, geographic coordinate, STORM turned 
on. The International Geomagnetic Reference Field (IGRF) 
included in IRI-2007 calculates geomagnetic latitude and 
longitude by Definitive Geomagnetic Reference Field/  
International Geomagnetic Reference Field (DGRF/IGRF) 
spherical harmonic coefficients during 1900–2015, at a 
5-year interval. The coefficients file was obtained from the 
National Geophysical Data Center (http://www.ngdc.noaa. 
gov/IAGA/vmod/igrf.html). The IGRF model will be used 
to obtain changes in the explanatory geomagnetic field ele-
ments, including the geomagnetic inclination angle I, geo-
magnetic angle D, and geomagnetic field strength B. 
Different researchers used different approaches to extract 
long-term trends from ionospheric observations, with suc-
cess depending largely on the method used. The useful 
“signal” is very small and “background” is very noisy, so 
special method is required to reveal a visible trend in ob-
served foF2 variations. Here, trends are analyzed for rela-
tive deviations in observed foF2 from the model:  
obs mod obs2 ( 2 2 ) / 2 ,  foF foF foF foF  
where foF2obs is the observation and foF2mod is attained by 
IRI-2007. 
A linear regression fit can derive a linear trend: 
2 year,   foF a k  
where k is the annual mean slope of diurnal variations. 
2  Results 
Ionospheric parameters are dominated by solar activity and 
influenced by geomagnetic conditions, so we examined 
these variables together. Figure 1 shows the daily F10.7 
index, 3-hour values of Ap index, and ionospheric foF2. 
Figure 1(a) shows the solar activity over the past 50 years. It 
is seen that the standing time of rising phases is much long-
er than falling phases, which is much more obvious in solar 
cycles 20 and 23. It may be discerned from Figure 1(a) and 
(b) that the geomagnetic Ap index is modulated by the solar 
cycle, with intense geomagnetic activity corresponding to 
high solar levels, but with a lag of 1–2 years, and this is 
shown in Chaman-Lal [9]. From Figure 1(c), ionospheric 
foF2 changes with local time and solar activity, and max-
imizes around 13–14 (LT), with the ratio of maximum value 
in solar maxima and minima around two. 
The long-term trend of foF2 was obtained by using the 
aforementioned method, and is presented in Figure 2. In 
Figure 2(a), the strong negative trend (k = −15.2×104 per 
year) is evident, decreasing about 0.015 MHz per year, and 
0.76 MHz over the past 50 years. However, the amplitude 
of the long-term trend in Figure 2(b) is markedly smaller (k 
= −4.08×104 per year), falling at about 0.2 MHz over the 
past 50 years, thus demonstrating that the careful elimina-
tion of solar and geomagnetic activities and earth’s magnet-
ic field-induced variations are necessary to achieve reason-
able trends. 
Table 1 shows four results according to the different 
conditions. Clearly, foF2 variability is negative and very 
strong in Case 1. Comparing Cases 1 and 2, the correlation 
between observation and model increases from 0.91862 to 
0.92831, revealing that the long-term trend is influenced by 
the geomagnetic activity. Similarly, for Cases 1 and 3, and 
Cases 2 and 4, correlations are improved, suggesting that 
earth’s magnetic field also affects the ionospheric variations. 
For the k slope in Table 1, the rate of contribution of geo-
magnetic activity is about 60%, and 15% for the variations 
in earth’s magnetic field. Eliminating the aforementioned 
factors, the δfoF2 trend is still negative, so there must be  
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Figure 1  Daily F10.7, 3-hour values of Ap index and ionospheric foF2, during the period 1958 to 2007. 
 
Figure 2  δfoF2 with time, for all times in Case 1 (a) and Case 4 (b), each 
with fitted linear regression lines. 
Table 1  Correlation between observation and model, and the long-term 
trend k×104 per year (thick) for Cases 1 to 4 
 Geomagnetism location Geography location 
STORM off Case 1: 0.91862/15.2 Case 3: 0.92045/13.3 
STORM on Case 2: 0.92831/5.7 Case 4: 0.93009/4.08 
 
 
other complex effects on the ionosphere. This will be dis-
cussed in Section 3. 
Ionospheric foF2 varies with local time, so we presume 
that δfoF2 does also vary. Figure 3 shows the trend values  
 
Figure 3  Value of the foF2 trend k at Moscow ionosonde station versus 
local time. Diamonds and stars show results for Case 1 and Case 4. 
obtained from the slope of the linear regression of δfoF2 vs. 
local time. We can see from the figure that there is a stable 
negative trend when all the years are considered in Case 1, 
and there is a pronounced diurnal variation in k, with much 
larger values in the morning than during afternoon and 
evening. The maximum trend of about −0.0025 per year is 
at 06:00 LT, and the minimum of about −0.0006 per year is 
around 12:00 LT. Therefore, the maximum variation with 
local time is about four. There is no such result in Case 4. 
Possible reasons for this difference will be discussed in Sec-
tion 3. 
There is also seasonal variation in foF2, and δfoF2 is be-
lieved to behave likewise. Figure 4 shows the annual varia-
tions in k values. This picture demonstrates that there is  
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Figure 4  Same as Figure 3, but for the annual variations in k slope. 
seasonal variation in k in Case 1, but not so in Case 4. In 
Case 1, the largest negative trend of about −0.0018 per year is 
observed in spring-summer, and the smallest trend of about 
−0.0012 per year is in winter. This gives a seasonal variation 
factor of 1.5. However, the value of k is around −4×104 per 
year in Case 4. This will be addressed in Section 3. 
Danilov and Mikhailov [10,11] indicated that only by 
selecting years around solar maxima or minima is possible 
to obtain stable significant trends, whereas for all years (in-
cluding rising and falling phases of solar cycles) there is 
chaos, with various signs of trends. However, in our re-
search (not detailed here), we found an obvious systematic 
effect using all available years, but only the years around 
solar maxima or minima failed to do so. 
3  Discussion and conclusions 
We used the IRI-2007 model and foF2 data observed at the 
Moscow ionosonde station to derive long-term ionospheric 
trends, stratifying different conditions into four cases. The 
main results are as follows: 
(1) Ionospheric foF2 varies with local time and solar ac-
tivity, maximizing around 13–14 (LT), with the ratio of 
maximum value in solar maxima and minima around two. 
(2) A significant negative trend (k=−15.2×104 per year) 
was found in Case 1, decreasing at about 0.015 MHz per 
year, and 0.76 MHz over the past 50 years. The amplitude 
of the residual long-term trend of Case 4 is markedly small-
er (k=−4.08×104 per year), declining about 0.2 MHz over 
the past 50 years. 
(3) There is a pronounced diurnal variation in k, with 
much larger values in the morning than during afternoon 
and evening, with a maximum negative trend around 06:00 
LT. The magnitude of variation vs. local time is about four. 
For Case 4, however, there are no such features. 
(4) In Case 1, the largest negative trend is observed in 
spring-summer and the smallest trend in winter. The maxi-
mum factor of seasonal variation is about 1.5. The value of 
k is around −4×104 per year for Case 4. 
The trend is very small. Nevertheless, the result is inter-
esting from a physical point of view, indicating that foF2 
long-term variation may be attributed to natural or 
manmade origins. There have been many interpretations of 
the observed foF2 trends. According to Rishbeth [12,13], 
the increase of CO2 and CH4 mixing ratios in the lower 
thermosphere should cause long-term variation in iono-
spheric parameters. This has been simulated by Qian [14]. It 
is known that the most important processes controlling the 
ionosphere are photochemistry and dynamical processes. 
The former process has been removed by isolating solar 
activity, so what remains is the latter. Different dynamical 
mechanisms could be responsible for the ionospheric 
long-term effect. These include the connection between 
magnetopause position and ionospheric ionization level 
[15,16], planetary waves and quasi-biennial oscillation of 
the semidiurnal tide [17,18], long-term decreases of the 
horizontal thermospheric wind [19], long-term increase or 
decrease of geomagnetic activity [20], enhancement of 
magnetic storms [21], and variations in the geomagnetic 
field [22]. We present our investigation of this problem in 
the following. 
As mentioned above, the k slope varies with local time, 
and this may be associated with the variability of diurnal 
ionospheric storms. The δfoF2 correlation with Ap also 
works in the same direction (Figure 5). The strongest nega-
tive correlation (about −0.5) is in the early morning, and the 
weakest negative correlation (about −0.27) occurs during 
noontime. These are similar to the distributions of k slope in 
Case 1 (Figure 3). This means that ionospheric storms at the 
Moscow station, induced by geomagnetic storms, are most-
ly negative. The principal pattern of an ionospheric storm is 
as follows. Joule heating in the auroral zone changes the 
thermospheric composition, increasing the neutral gas tem-
perature and generating storm-induced circulation. Changes 
in aeronomical parameters ([N2]/[O] and T) can decrease 
electron concentration in the heated gas. This is the negative 
 
 
Figure 5  Diurnal variations in correlation coefficient r (δfoF2, Ap). 
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phase of an ionospheric storm. The storm-induced circula-
tion tends to transport the heated gas from the auroral zone 
to lower latitudes. Meanwhile, negative F2-layer storm ef-
fects are known to be the strongest in the post-midnight to 
early-morning LT period, and weaker in the afternoon 
[23,24]. Apparently, the effects found here are related to the 
thermospheric winds. This is because of the disturbed neu-
tral composition with decreased [O]/[N2] ratio, which is 
advected toward middle latitudes during the night, but shifts 
to higher latitudes via the diurnally varying thermospheric 
circulation in the daytime [25,26]. Therefore, negative ion-
ospheric storms will affect the long-term trends in iono-
spheric foF2. 
There is also a pronounced seasonal effect shown in Fig-
ure 4, with a greater trend in spring-summer than in winter. 
In the work of Danilov [10,11] and Mikhailov [20], δhmF2 
features can be interpreted as the terms of long-term varia-
tions in geomagnetic activity, and related changes in the 
number or intensity of ionospheric storms. Consequently, 
we believe that the long-term trends of foF2 are somewhat 
related to the geomagnetic storms. The seasonal dependence 
may be a manifestation of the same process, because it is 
well known that there is seasonality in the occurrence and 
development of ionospheric storms [27]. Figure 6 encour-
ages the assumption that magnetic mechanisms influence 
the seasonal long-term foF2 trends. In December, there are 
fewer geomagnetic storms than in other months, as dis-
played in Figure 6. According to our knowledge, iono-
spheric storms have seasonal aspects related to thermo-
spheric winds. Storm-induced and normal circulations de-
pend on the season. During winter daytime, the solar-driven 
circulation is oriented poleward, opposite to the storm-  
induced circulation. In this case, the heated gas may remain 
“locked” in the zone of Joule heating, or drift only slightly 
toward middle latitudes. The situation is different at night, 
when the solar-driven background circulation weakens and 
cannot completely stop the storm-induced circulation. Then, 
the gas with altered temperature and composition moves 
 
 
Figure 6  Seasonal variations in geomagnetic activity.  
toward the lower latitudes, and the negative phase is ob-
served at relatively low regions. In summer, the storm- in-
duced and solar-driven background circulations coincide al-
most all day, and thus the heated gas reaches lower latitudes. 
As a whole, the seasonal trend of foF2 can be explained by 
seasonal changes in geomagnetic activity or storms. 
According to Table 1, the results are sensitive to changes 
in geomagnetic field elements using the IGRF model. 
Therefore, there is some speculation about possible correla-
tion between the ionospheric long-term trends and the ex-
cursion of earth’s magnetic field. For the fixed Moscow 
station, its geomagnetic field parameters, including I, D and 
B, have secular variations, which can be simulated by the 
IGRF. Annual variations in I, D and B are 1.3 min/year, 6.4 
min/year and 6.1 nT/year, respectively. 
Several researchers [5,28–30] have shown that these sec-
ular variations result in long-term variation in the effects of 
the neutral wind or electric field on the ionospheric param-
eters. According to the continuity, momentum and temper-
ature equations, we obtain 
( , , , ),zV f I D B U  
where Vz is the vertical drift of plasma and U is the hori-
zontal thermospheric wind. Elias [30] and Yue [22] pointed 
out that the horizontal thermospheric wind U drives the 
ionospheric plasma along geomagnetic lines at speed UcosI, 
and that the vertical component of the thermospheric wind, 
UsinIcosI, can raise or lower the height of the ionosphere, 
thereby increasing or decreasing plasma density. Further-
more, the amplitude of the component of thermospheric 
wind in the direction of the geomagnetic field is controlled 
by D, and this may also affect the ionosphere [31]. There-
fore, the neutral meridional wind U drives the plasma along 
geomagnetic lines at speed UcosDcosI, and in the vertical 
direction at UcosDsinIcosI. Yue et al. [22] used a theoreti-
cal model to assess effects of the secular variations in geo-
magnetic field orientation on ionospheric long-term trends 
(details not given here). We know that E B   influences 
the height and plasma density of the ionosphere, ( E

 is the 
electric field). Thus the variation in B

 will influence long- 
term trends of ionospheric parameters, including foF2. The 
excursion of the geomagnetic field is simulated by the empir-
ical model. De Santis [32] and Gubbins [33] have demon-
strated that the earth’s magnetic field has had an excursion in 
past ten years. As a result, we suggest that the excursion of 
earth’s magnetic field may induce long-term foF2 variations. 
Other factors may also shape long-term foF2 trends. Ac-
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where [O2], [N2] and [CO2] denote the densities of O2, N2 
and CO2; Tn is the thermospheric temperature. So we find 
that if the other parameters are fixed, greater [CO2] leads to 
more 
2CO
L , and the cooling temperature will reflect the 
long-term trend variations in the ionosphere. The increase 
of CO2 will not only cool the thermosphere temperature, but 





CO O O CO




    
In the lower ionosphere (about 100–120 km), CO2 almost 
vanishes [36], and there is a recombination loss of ions. So 
electron density will be affected, producing the long-term 
ionospheric variations. 
Morphological features of the foF2 trends revealed here 
can be explained by many causes, either natural or 
manmade. We need more work on this problem to expand 
the current research. 
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